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EFFECTS OF STRONTIUM DOPING ON OXYGEN REDUCTION KINETICS 
IN THIN-FILM LSCF CATHODES 
ALEXEY DYNKIN 
ABSTRACT 
Dense films of the mixed ionic-electronic conductor lanthanum strontium cobalt ferrite           
(La1-xSrxCo0.2Fe0.8O3-δ) with x= 0.4, 0.3 and 0.2 (thereafter referred to as LSCF-6428, 
LSCF-7328 and LSCF-8228) were deposited in fixed patterns on yttria-stabilized zirconia 
(YSZ) substrates on top of a gadolinium-doped ceria (GDC) barrier layer by pulsed laser 
deposition (PLD) at the Pacific Northwest National Laboratory (PNNL) in Richland, 
WA. A counter electrode of porous 50-50 wt %/48.3-51.7 vol. % LCM/YSZ was screen-
printed on the opposite side of the substrates. Electrochemical impedance spectroscopy 
(EIS) data were gathered for each of the compositions in air, but at varying temperatures 
(600, 700 and 800 °C). The total electrode polarization resistance, Rpol, was plotted as a 
function of composition and temperature. Results show that, for all temperatures, the total 
polarization resistance drops considerably when the Sr composition is reduced from 0.4 
to 0.3, and then increases slightly as the Sr composition is further reduced from 0.3 to 0.2 
The relatively high polarization resistance for LSCF-6428 may be explained by recent 
evidence found by other members of our research group of surface strontium migration in 
LSCF-6428 films, which results in the formation of phases that could potentially affect 
electrochemical performance.  
 
 
v 
 
TABLE OF CONTENTS 
 
ACKNOWLEDGEMENTS……………………………………………………………. .iii     
ABSTRACT……………………………………………………………………………...iv 
LIST OF FIGURES……………………………………………………………………...vii 
1. Introduction…………………………………………………………………........1 
2 Background………………………………………………………………………2 
2.1. Fuel cell operating principles……………………………………………2 
2.2. Solid Oxide Fuel Cells…………………………………………………...4 
2.3. Challenges of SOFC optimization………………………………………6 
2.4. SOFC Cathodes………………………………………………………….9 
2.4.1. The oxygen reduction process…………………………………….9 
2.4.2. Reaction pathways……………………………………………….10 
2.4.3. Pure electronic versus mixed ionic-electronic conductors……....10 
2.5. Experimental Techniques……………………………………………....12 
2.5.1. Electrochemical Impedance Spectroscopy....……………………12 
2.5.2 Pulsed Laser Deposition…………………………………………17 
2.6. Literature review………………………………………………….........18 
2.7. Theory…………………………………………………………………...19 
2.7.1. Perovskite materials……………………………………………...19 
2.7.2. Defect model of LSCF……………………………………………20 
2.7.3. Strontium surface enrichment……………………………………21 
3. Experimental……………………………………………………………………23 
 
 
vi 
 
3.1. Outline of experimental setup…………………………………………23 
3.2. Target preparation……………………………………………………..24 
3.3. Substrate preparation………………………………………………….26 
3.4. Pulsed Laser Deposition………………………………………………..27 
3.5. Impedance experiment setup…………………………………………..28 
3.6. Experiment summary…………………………………………………..31 
 3.7. Data analysis procedure………………………………………………..31 
4. Results…………………………………………………………………………...33 
4.1 Time evolution of impedance spectra………………………………….33 
4.2. Impedance plots at varying temperature……………………………...36 
4.3. Impedance plots at varying composition……………………………...37 
4.4. LSCF polarization resistance as a function of temperature………....39 
4.5. LSCF polarization resistance as a function of composition………….40 
4.6 Percent change in LSCF polarization resistance between 
compositions…………………………………………………………….40 
 4.7. Ohmic resistance as a function of temperature……………………….41 
 4.8 Data analysis and discussion…………………………………………...42 
 4.9 Error analysis…………………………………………………………...48 
5. Conclusions……………………………………………………………………...51 
REFERENCES…………………………………………………………………………..52 
 
 
 
 
 
vii 
 
LIST OF FIGURES 
 
Figure 1: Simple schematic of a Solid Oxide Fuel Cell [2]……………………………….3 
Figure 2: Types of fuel cells, and their characteristics [2]………………………………...4 
Figure 3: Polarization losses for typical SOFC [3]………………………………………..7 
Figure 4: Schematic of several possible oxygen reduction pathways [4]………………..10 
Figure 5: Impedance plots for two simple circuits……………………………………….14 
Figure 6: Example of an impedance plot for an LSCF cathode [6]……………………...15 
Figure 7: Cubic perovskite unit cell [13]………………………………………………...19 
Figure 8: Schematic of cell design……………………………………………………….25 
Figure 9: Sample XRD scan of LSCF target…………………………………………….26 
Figure 10: XRD scan of PLD-deposited LSCF film on GDC-coated YSZ (Tamas Varga, 
EMSL/PNNL)……………………………………………………………………………29 
Figure 11: Sideways cross-section of testing apparatus…………………………………30 
Figure 12: Top of testing setup, with lead wires and air inlet tube connected…………..31 
Figure 13: Time evolution of impedance spectra, LSCF-6428………………………….34 
Figure 14: Time evolution of impedance spectra, LSCF-7328………………………….35 
Figure 15: Time evolution of impedance spectra, LSCF-8228………………………….36 
Figure 16: Impedance plots for LSCF-6428……………………………………………..37 
Figure 17: Impedance plots for LSCF-7328……………………………………………..37 
 
 
viii 
 
Figure 18: Impedance plots for LSCF-8228……………………………………………..37 
Figure 19: Impedance plots for samples tested at 800
   
C………………………………...38 
Figure 20: Impedance plots for samples tested at 700 
  
C………………………………...38 
Figure 21: Impedance plots for samples tested at 600 
  
C………………………………...39 
Figure 22: Contribution to the total polarization resistance of the LSCF cathode, as a 
function of temperature…………………………………………………………………..40 
Figure 23: Contribution to total polarization resistance of the LSCF cathode, as a function 
of Sr fraction…………………………………………………………………………..…41 
Figure 24: Percent change in LSCF polarization resistance as Sr fraction is changed…..42 
Figure 25: Total ohmic area-specific resistance as a function of temperature…………..43 
 
 
 
1 
 
1. Introduction 
Solid Oxide Fuel Cells (SOFCs) are a potentially promising form of alternative energy 
technology, offering clean and quiet power generation with efficiencies as high as 80% if 
combined in co-generation cycles. [1] Right now, large-scale commercialization of 
SOFCs is hindered by high cost, much of which arises from the need to operate the cell at 
a very high temperature, requiring expensive interconnect materials and placing a limit 
on the lifetime of the fuel cell due to large thermal stresses. It is widely believed that 
reducing the operating temperature to below 700 °C could lead to a significant 
improvement in the cost effectiveness of SOFC systems. Unfortunately, cell efficiency 
tends to drop considerably at these temperatures, in large measure due to increases in 
resistances occurring at the fuel cell cathode. By gaining insight into the processes 
occurring at SOFC cathodes, it may be possible to ultimately improve lower-temperature 
performance and thus reduce production costs to a level that would make SOFC 
technology commercially viable on a large scale. 
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2. Background 
 
2.1. Fuel Cell Operating Principles 
Fuel cells work by converting chemical energy stored in bonds directly into electrical 
energy, thereby avoiding the inefficiency inherently imposed by the Carnot limit on heat 
engine-based power generation systems. Like a battery, a fuel cell is an electrochemical 
cell that consists of three basic components: two conducting electrodes, a cathode and an 
anode, with an electrolyte in the middle that is conductive to ions, but not electrons. The 
cell operates on the basis of oxidation-reduction half cell reactions, wherein atoms of one 
species (often hydrogen), become oxidized (lose electrons) at the anode, while atoms of 
another species (usually oxygen), – are reduced (gain electrons) at the cathode. Ions of 
one species are then transported through the electrolyte to chemically combine with ions 
of the other species, while the free electrons from the oxidized atoms flow from the anode 
to the cathode via an external circuit, which can be connected to a load. Unlike in a 
battery, the atoms to be oxidized are provided by a steady supply of fuel at the anode, 
while atoms to be reduced are provided by a supply of oxygen (usually from air) at the 
cathode. The fuel can either be pure hydrogen, in which case the only reaction product is 
water, or a hydrocarbon, in which case the products are water and carbon dioxide. 
Because the output voltage from a single fuel cell is small (typically less than 1V), cells 
are typically stacked in a series-parallel arrangement in order to be employed in power 
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generation applications in either stationary or mobile (such as an electronic device or 
electric vehicle) applications. A simplified schematic of a typical fuel cell is show below: 
 
Figure 1: Simple schematic of a Solid Oxide Fuel Cell [2] 
There are many different types of fuel cells, distinguished largely by the nature of the 
ion-conducting electrolyte. Electrolyte materials determine many factors, including the 
operating temperature of the fuel cell, the materials that can be used for electrodes, and 
which ions can be conducted through the electrolyte (and hence the direction of ion flow 
through the electrolyte membrane). A table summarizing the different types of fuel cells 
and some of their basic characteristics is shown here: 
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Figure 2: Types of fuel cells, and their characteristics [2] 
 
2.2. Solid Oxide Fuel Cells 
Fig. 1 shows a particular type of fuel cell known as a Solid Oxide Fuel Cell (SOFC). 
SOFCs are distinguished by a solid ceramic electrolyte, typically yttria-stabilized zirconia 
(YSZ), that is conductive to oxygen anions at elevated temperatures. SOFCs offer a 
number of advantages over other types of fuel cells. Their all-solid components have no 
moving parts, do not depend on corrosive acids or alkalis, and are highly scalable, 
allowing SOFCs to be used in a wide range of applications, from portable electronics to 
stationary power generation. In addition, the residual heat from the high operating 
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temperature of SOFC can be used for internal fuel reformation of natural gas to 
hydrogen, or to drive a gas turbine in a co-generation system. The downside of these high 
operating temperatures, however, is that they require the use of specialized and expensive 
heat-resistant alloys or ceramics for interconnects, making the overall SOFC system cost-
prohibitive. Thus, a major SOFC industry goal is to lower the operating temperature of 
SOFCs from current values of 800-1000 °C to 600-800 °C. This temperature reduction, 
however, tends to slow down the rate of the electrochemical reactions that allow the 
SOFC to operate, resulting in lower efficiencies, and as a result, much research focus 
over the past two decades has been dedicated to understanding the nature of these 
reaction kinetics. 
In a solid oxide fuel cell, the fuel – either hydrogen or a gaseous hydrocarbon such as 
methane – is fed to the anode, while oxygen from the atmosphere is fed to the cathode. 
The incoming oxygen atoms combine with electrons arriving through an external circuit, 
which can be connected to a load, and are then transported through the solid, oxygen ion-
conducting membrane to the anode, where they combine with hydrogen and/or carbon 
atoms to complete the reaction, releasing water vapor and/or carbon dioxide. Assuming a 
hydrogen-only fuel, the half-reactions for the SOFC anode and cathode are as follows: 
H2 + O
2-
 → H2O + 2e
- 
(anode) 
½O
2
 + 2e
-
 → O2- (cathode) 
The apparent simplicity of the electrochemical process associated with SOFC operation 
belies the actual complexity of the individual steps required for it to take place, and of the 
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difficulty in optimizing the material components of the SOFC in order to make it both 
efficient and economically feasible. Several basic requirements must be first met in order 
for the reaction to occur. The anode and cathode must be electronically conductive, and 
are typically porous to allow as much gas as possible to reach the electrolyte. The 
electrolyte itself must be dense enough to be impermeable to either hydrogen or oxygen. 
Because oxygen anion transport through the electrolyte is a diffusion process, it requires 
a fairly high activation energy, and therefore high temperature to occur. Materials that 
have the required properties for the electrolyte are typically doped rare-earth metal oxides 
such as ytrria-stabilized zirconia (YSZ) or gadolinium-doped ceria (GDC). Because of 
these high temperatures, the cathode and anode must have similar coefficients of thermal 
expansion (CTE) to that of the electrolyte, to prevent cracking during thermal cycling; 
must be chemically stable at high temperatures and in oxidizing and reducing 
environments; and should be minimally reactive with the electrolyte. For the cathode, 
materials that satisfy these requirements include perovskites such as strontium-doped 
lanthanum manganate (LSM) and strontium-doped lanthanum cobalt ferrite (LSCF). The 
latter of these is the subject of the present work. 
 
2.3. Challenges of SOFC optimization 
The theoretical maximum potential, also known as the Open Circuit Voltage (VOC ), of an 
SOFC, or any electrochemical cell, is given by the Nernst Equation:  
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  (
    
      
   
) 
with    
   
  
 
where is R is the universal gas constant; F is the Faraday constant;     ,    and    are 
the water vapor, hydrogen and oxygen partial pressures, respectively; and ΔG° is the 
standard Gibbs free energy change for the oxidation-reduction reaction. [3] When current 
is drawn from the cell, the resulting drop in voltage from the maximum potential is called 
polarization. A typical polarization (V versus I) curve is shown below: 
 
Figure 3: Polarization losses for typical SOFC [3] 
As can be seen from this plot, several types of polarizations occur, characterized by the 
shape of the curve and the current densities at which this shape is prevalent. The middle 
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portion of the curve can be approximated by a straight line, and thus represents ohmic 
resistance, or typical, idealized V=IR behavior. This is the polarization behavior typically 
associated with the SOFC electrolyte and all other ohmic components, which in terms of 
circuit elements can be well-approximated by a simple resistance. At low current 
densities,  the voltage undergoes a sharp, concave up nonlinear drop from the open circuit 
potential, called activation polarization and associated with the activation energy barrier 
for charge transfer to occur. A similarly steep convex up nonlinear drop, termed 
concentration polarization, also occurs at high current densities, and is associated with the 
availability of reacting species at the electrodes. Of the SOFC components, the cathode 
experiences both concentration polarization, characterized by adsorption and transport of 
oxygen ions to the electrolyte, and activation polarization, characterized by charge 
transfer resistance at the cathode-electrolyte interface. This means that the cathode has 
both the most room for loss reduction, and that its electrochemical behavior is the most 
complicated - both of which have resulted in intensely focused research related to 
understanding cathodic mechanisms of SOFCs. 
From this figure, it is apparent that at low current density, the main polarization loss 
occurs due to activation polarization, which is associated with the rate of the 
electrochemical reaction occurring at the cathode. The relative share of this loss is shown 
in the inset plot at the bottom of the graph, and it is evident that cathodic loss accounts 
for the bulk of the total polarization at all current densities up to about 1 A/cm
2
. 
Accordingly, reducing cathode resistance should have the most significant impact on 
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improving overall SOFC performance, and as a result, much of the SOFC research over 
the past decade has focused on cathode performance.  
 
2.4. SOFC Cathodes 
2.4.1. The oxygen reduction process 
The functional role of the fuel cell cathode is to provide a pathway for incoming electrons 
to combine with oxygen from the atmosphere, forming oxygen ions that are then 
transported through the electrolyte toward the anode. This is known as the oxygen 
reduction process, and the associated electrochemical reaction is known as the Oxygen 
Reduction Reaction (ORR). The general half-cell reaction is as follows: 
2e
- 
+   ⁄ O2 → O
2- 
 
For this reaction to occur, a series of steps must occur. Atmospheric oxygen must be 
adsorbed onto the cathode surface, followed by dissociation, and then transport (either 
along the surface or through the bulk of the cathode) to the electrode-electrolyte interface, 
reduction, and finally incorporation into the electrolyte of fully reduced oxygen ions. For 
this to occur, the cathode must meet the following minimum requirements: it must be 
electronically conductive, and it must have a path for the reduced oxygen ions to be 
transported to the cathode-electrolyte interface and then incorporated into the electrolyte. 
A number of such reaction “paths” are possible, and several types are discussed in the 
following section. 
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  2.4.2. Reaction pathways 
One of the unknowns in the oxygen reduction is the exact path which the incoming 
oxygen atoms take as they become ionized and incorporated into the electrolyte. These 
paths can include surface transport, surface diffusion, bulk diffusion, or some 
combination of the former. The different possibilities are conveniently summarized in 
this diagram: 
 
Figure 4: Schematic of several possible oxygen reduction pathways [4] 
  2.4.3. Pure electronic versus mixed ionic-electronic conductors 
Not all types of cathode materials allow for oxygen reduction to occur exclusively at the 
triple-phase boundary. SOFC materials fall into two categories: purely electronic 
conductors, and mixed ionic-electronic conductors, or MIECs. In the former, oxygen 
reduction is limited to the TPB, but in the latter, oxygen ions can be transported through 
the bulk of the cathode, which means that the area of oxygen reduction is not limited to 
the TPB alone. For much of the past decade, the category of materials used for both 
mixed and pure electronic conducting SOFC cathodes has been transition metal 
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perovskites. Within this category, pure electronic conductors include calcium-doped 
lanthanum manganate (LCM) and strontium-doped lanthanum manganate (LSM), while 
the most common mixed ionic-electronic conductor is strontium-doped lanthanum cobalt 
ferrite (LSCF). While all three of these materials have been studied and used extensively 
for the past decade, it is currently believed that LSCF, due to its ability to function as a 
mixed conductor as well as possess active TPB regions across a particular range of 
temperatures, along with its excellent CTE match and chemical stability with gadolinium-
doped ceria – an electrolyte with lower activation temperature than YSZ – is the most 
promising material for use in intermediate-temperature SOFCs (temperature ranges of 
approximately 600-800 
  
C). All the experiments for the present project were conducted 
on LSCF cathodes, and therefore the remainder of this work will focus on LSCF and the 
properties relevant to it. 
The fact that both the bulk and the TPB regions of LSCF are involved in oxygen 
reduction increases the number of factors that affect the overall reaction. Depending on 
the temperature, geometry and amount of oxygen available, at least several, if not all, of 
the possible reaction mechanisms summarized in Fig. 4 can occur simultaneously, either 
in series or in parallel. Much of the effort of SOFC-related research over the past decade, 
including at Boston University, has focused on understanding the relative contribution of 
each of these processes to the overall reaction. For the purposes of this analysis, much of 
the details concerning specific reactions paths are simplified or omitted, with the 
emphasis being on the change in the overall electrochemical response of the cathode to 
variations in testing conditions (temperature and composition). Nonetheless, it is 
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important to keep this complexity in mind when considering possible explanations of 
electrochemical behavior.     
 
2.5. Experimental Techniques 
2.5.1. Electrochemical Impedance Spectroscopy 
Electrochemical Impedance Spectroscopy (EIS) is an analytical tool for characterizing 
electrochemical systems such as fuel cells and batteries, and various components of the 
former. The basic principle is that an AC signal of constant, usually small (~10 mV) 
magnitude is applied across the system of interest (usually called a “cell”) over a large 
frequency range, and the resulting response is measured. The response is of the same 
magnitude as the signal, but experiences a phase shift, and it is from this phase shift that 
information can be gleamed about the electrochemical properties of the system being 
analyzed. 
In an AC circuit, voltage and current have a time and frequency dependence. The input 
signal can be described as: 
V=V0sin(ωt), 
and the output as: 
I=I0sin(ω t+ϕ), 
where V0 is the input voltage magnitude; I0 is the input current magnitude; ω is the 
angular frequency (ω=2πf); and ϕ is the phase shift (in radians). The impedance of an AC 
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circuit is defined as   
 
 
 
     (  )
     (    )
   
   (  )
   (    )
  From Euler’s relation, we have 
exp(j ω)=cos ϕ+ jsin ϕ. We can therefore define the potential as V=V0exp(jω t), the 
current as I=I0sin(jωt- ϕ), and the impedance as: Z=Z0exp(j ϕ)=Z0(cos ϕ+j sinϕ). Thus, 
the impedance consists of a real and an imaginary portion, and can be written as Z=ZRe-
ZIm. [5] 
For the three basic circuit elements – resistor, capacitor and inductor – impedance is 
defined as follows: 
     
   
 
   
 
  
  
 
       
Rules for combining impedances are the same as for resistances. Thus: 
 
   Series impedance:                    
Parallel impedance:  
 
      
 
 
  
 
 
  
 
 
  
   
A basic EIS experimental setup consists of an electrochemical cell with at least two 
electrodes, electrically connected to a device called an impedance analyzer, which 
supplies the small-signal AC signal measures the response. A software program is 
interfaced with the analyzer, and the output data is typically displayed as a Nyquist plot – 
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a parametric plot of the real vs. imaginary portions of the impedance.  Below are 
examples of Nyquist plots for two relatively simple types of circuits: 
 
Figure 5: Impedance plots for two simple circuits 
An actual electrochemical cell, such as an SOFC fuel cell, is a much more complicated 
system than can be modeled by idealized circuit elements such as resistors, capacitors and 
inductors. Nonetheless, different components of the cell will exhibit characteristic 
behavior, and this behavior is reflected in the impedance plots generated during EIS data 
collection. For example, the electrolyte, which transports charge by conducting oxygen 
ions, displays a roughly ohmic I-V relationship, and thus appears on an impedance plot as 
a series resistance. The cathode itself exhibits more complex behavior, usually a 
combination or resistive and capacitive elements in parallel. Thus, a typical impedance 
plot for an SOFC cathode will be shifted right from the origin due to the electrolyte 
R
0
 
R=R
0
 
R ͚    R
0
 
R
2
=R
0
 -R ͚    
  
R
1
= R ͚    
 
← ω  
← ω  
C C 
R ͚=0 
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resistance, and will have a shape that is somewhat distorted to the right compared with 
the semi-circular shapes in figure 4. An example of such a plot is shown below: 
 
Figure 6: Example of an impedance plot for an LSCF cathode [6] 
In the case of LSCF cathodes, oxygen is reduced by more than one type of mechanism, 
and the shape of different parts of the impedance curve is indicative of the limiting factor 
in the overall oxygen reduction process. In the example above, the roughly 45-degree 
angle on the left-hand side of the curve suggests a diffusion process. This shape is known 
as a Warburg impedance, and is present in the spectra of many LSCF cells. Often, the 
spectrum actually contains several arcs at different frequencies, corresponding to the 
various series and parallel charge transfer process occurring in the cell. A detailed review 
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of characteristic impedance spectra and their associated electrochemical process is given 
by Lasia (1999) [7].  
In general, when one wishes to characterize an electrochemical cell using EIS, two types 
of approaches can be used. In the first, EIS data is fitted to a physical model describing 
the system, while in the second, the data is fitted to an equivalent circuit of elements that 
are assumed to approximate the behavior of the system. Once the data is fitted, both 
methods can be used to extract parameters such as diffusion coefficients and kinetic 
constants. Each method has its advantages and limitations, but ultimately both are based 
on approximations, and necessarily involve making assumptions about the system. In its 
most basic use, EIS can be used to fairly accurately determine the more aggregate 
properties of the system under investigation, for example, the electrolyte resistance, or 
the combination of all resistances within the cathode (known as total polarization 
resistance). While relatively simple to determine, these properties can nonetheless give 
important qualitative information about the materials and structures being considered for 
SOCF cathode use. For the purposes of this project, only these basic analytical methods 
of EIS will be used. 
As already mentioned, the first intercept of the impedance plot from the origin along the 
real axis, which occurs at high frequencies, determines the Ohmic resistances of the cell. 
These include the electrolyte resistance, plus any additional resistances in the circuit, 
such as contact resistance between the test cell electrodes and the lead wires going to the 
impedance analyzer, and the small, but non-negligible resistance of the lead wires 
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themselves. Total polarization resistance, on the other hand, is determined by the distance 
between the high and low-frequency real axis intercepts of the impedance arc. Because 
these intercepts occur in the extremes where the frequency approaches either zero or 
infinity, it is not possible to actually measure them directly, and the degree to which one 
can approximate them depends on the frequency range chosen for the measurement. 
Where the curve terminates at a substantial distance from the real axis, the intercepts can 
usually be determined to fairly reasonable accuracy by curve-fitting. Being able to 
estimate total polarization from impedance plots is important for assessing the overall 
performance of an SOFC cathode under different testing conditions. 
2.5.2. Pulsed Laser Deposition 
Pulsed Laser Deposition (PLD) is a type of physical vapor deposition. It is used to 
deposit a thin, dense and uniform film of material onto a substrate. A target (dense 
sample of desired material, usually in the form of a disk), is ablated by high-energy laser 
pulses in vacuum, generating plasma and deposing the material onto the desired substrate. 
Because the individual pulses focus a very large amount of energy in a very short time 
period (50 ns or less), only the very surface of the target is heated and removed, resulting 
in a deposition whose composition matches that of the target almost exactly, and is highly 
dense and uniform. [8]. The relevance of these characteristics to SOFC cathodes is that 
the use of PLD enables the researcher to precisely control the both the composition and 
the thickness of the material being studied, while ensuring that the film is dense and 
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uniform. In summary, by using PLD it is possible to create reliable and highly-
controllable LSCF films for test cell fabrication.    
 
2.6. Literature Review 
While extensive effort has been focused on the effects of TPB length, sintering 
temperature, microstructure, operating conditions and, recently, surface changes on the 
kinetics of SOFC cathode reactions, the role of composition has received comparatively 
little attention. Many of the aforementioned topics are summarized in Adler’s overview 
paper [4]. However, an earlier work by Adler himself [9] attempted to establish an 
oxygen diffusion coefficient and surface-exchange constant as a function of temperature, 
oxygen partial pressure, and strontium concentration on porous La1−xSrxCoO3−δ   (LCO) 
cathodes. The impedance results from this study suggest a higher characteristic resistance 
(or “chemical resistance”) as Sr concentration is decreased [9]. The results also show a 
notable decrease in pO2 dependence as x decreases, from what appears to be 
approximately linear dependence at x=0.4 to almost no dependence for x=0.2.  
The use of vacuum deposition to create LSCF thin films for electrochemical analysis has 
gained popularity in recent years. In 2007, Beckel et. al. published a review paper on the 
use of thin film deposition techniques for SOFC components [10]. In 2011, Miara [3] 
used sputter-deposited, patterned perovskite SOFC cathodes at Boston University to 
investigate oxygen reduction kinetics. Many of the experimental techniques used in the 
present work were based on Miara’s methodology.  
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Strontium segregation in LSCF thin films is currently being investigated at Boston 
University using x-ray photoelectron spectroscopy by Davis et. al. [11] In parallel, 
thermodynamic stability of LSCF is being studied using computational methods by Luo 
et. al. [12] Together with these two projects, the current work is part of a joint effort at 
Boston University to gain insight into the time-dependent processes occurring in SOFC 
cathodes during operation that may affect their performance. 
 
2.7. Theory 
2.7.1. Perovskite materials 
The SOFC cathode material LSCF belongs to a category of ceramic materials known as 
perovskites. Perovskites are characterized by the general formula ABO3, in which A and 
B are metal cations, with A having a larger ionic radius than B. A unit cell of an 
idealized, cubic perovskite structure is shown below: 
 
Figure 7: Cubic perovskite unit cell [13] 
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In the above schematic, the lighter-shaded spheres at the corners represent the A-site 
cations, the small sphere in the unit cell center represents the B-site cation, and the large, 
dark-shaded spheres at the face centers represent the oxygen anions. For virtually all 
actual perovskites, the lattice is somewhat distorted, with different phases (usually either 
orthorhombic or rhombohedral) occurring at different temperatures. The octahedral 
symmetry around the B-site cation – which is typically a transition metal – creates a 
metallic or semiconductor-type band structure, resulting in high electronic conductivity 
(4). These properties, along with stability and high temperatures and good CTE and 
chemical matching with electrolytes such as YSZ or GDC, make perovskites such as 
LSCF good candidates for SOFC fuel cell applications.   
 2.7.2. Defect model of LSCF 
The general formula for LSCF is La1-xSrxCo1-yFeyO3-δ. This crystal structure represents a 
type of perovskite in which strontium and cobalt are substituted for lanthanum and iron 
for some fraction of their respective A and B sites, denoted by x and y. For the purposes 
of this work, y is held constant at 0.8, so we need only concern ourselves with the effect 
of x.  
Lanthanum has a formal charge of +3, and strontium of +2. This means that when a Sr 
ion occupies a La site, there is an effective charge of -1 for that site. In Kroger-Vink 
notation, this is represented as      
 ]. Because the overall crystal must be electrically 
neutral, this charge imbalance must be compensated, and one of the ways in which this 
compensation happens is by the introduction of oxygen vacancies and/or by a nominally 
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+3 Fe or Co ion attaining a charge of 4+ (denoted in the Kroger-Vink notation as       
 ] 
or      
  .  For an oxygen vacancy the effective charge is +2. The Kroger-Vink notation 
for such a defect is: [VO
••
]. The introduction of oxygen vacancies is denoted in the 
chemical formula by the symbol δ. Oxygen vacancies enable the diffusion of oxygen 
through the LSCF bulk to the electrolyte. Oxygen vacancies can also be formed due to 
intrinsic loss of oxygen from the lattice. The defect reaction for the process by which an 
oxygen atom is lost from the lattice thereby introducing into a vacancy within the lattice 
is written as follows:  
OO
×  ↔ VO
••
  + 2e ′ +  1/2 O2  (g) [14] 
In general, as the oxygen vacancy concentration in the crystal increases, so does the 
diffusivity of oxygen species. The oxygen vacancy concentration, in turn, increases along 
with the substitution of Sr for La. Because the overall oxidation-reduction reaction 
depends partly on the rate of transport of oxygen ions to the electrolyte, it follows that, all 
else being equal, a higher Sr content should improve overall cathode performance. The 
relative importance of this factor, however, is not clear, and one of the goals of this 
project is to obtain data from which a reasonable qualitative estimate of this relative 
importance can be made. 
  2.7.3. Strontium surface enrichment 
As a parallel effort to this work, other members of the SOFC research group at Boston 
University have been trying to gain further insight into the stability of some of the 
commonly-used SOFC cathode materials, including La0.6Sr0.4Sr0.2Fe0.8O3-δ. Their findings 
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suggest that, at temperatures of 700
  
C or lower, the relative concentration of strontium at 
the surface of a film of LSCF increases after a period of time, while decreasing in the 
bulk. [11]. It is postulated that this increase in surface Sr concentration is due to the 
migration of Sr from the bulk as a result of the thermodynamic instability of LSCF at this 
composition. At equilibrium the surface strontium exists as strontium oxide and/or 
strontium carbonate phases. These surface phases are believed to reduced surface 
diffusivity, and otherwise interfere with surface processes in the cathode. Thus, it can be 
expected that surface strontium migration will have a detrimental effect on overall SOFC 
cathode performance. 
Preliminary studies of LSCF films of a different composition (LSCF-7328) reveal that, in 
contrast to the commonly-used LSCF-6428 composition, there is little surface strontium 
migration, even at high temperatures and for prolonged time periods [11]. This finding 
suggests that Sr segregation may be highly composition-dependent. By systematically 
measuring the resistance across LSCF cathodes of different compositions, it may be 
possible to qualitatively assess the relative effects of Sr segregation on cathode 
performance as a function of Sr concentration.   
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3. Experimental  
 
3.1. Outline of experimental setup 
Dense cathode films of lanthanum strontium cobalt ferrite (LSCF) with varying fractions 
of Sr, 0.2, 0.3 and 0.4, but a constant Co to Fe ratio of 0.2 to 0.8, were deposited on 
yttria-stabilized zirconia (YSZ) substrates with a 200-nm gadolinium-doped ceria (GDC) 
barrier layer using pulsed laser deposition (PLD) at the Pacific Northwest National 
Laboratory (PNNL) in Richland, WA. The cathodes were deposited in a circular pattern 
with a diameter of 5 mm and a thickness of 0.5 μm in the middle of the substrates. A 
porous counter electrode of 50-50 wt. %/48.3-51.7 vol. % LCM/YSZ 15, μm thick, was 
screen-printed on the opposite side of the substrates. A symmetric cell was then 
fabricated by screen-printing the same LCM/YSZ as used in the counter electrode of the 
LSCF samples on either side of a YSZ substrate of identical dimensions to the substrates 
used in the LSCF test cells. Contacts were created by applying a small amount of silver 
paste and pressing the test cells between two gold meshes with silver wires woven into 
them. The wires were then connected to a Princeton Applied Research Parstat 4000 
impedance analyzer, which was used to conduct potentiostatic electrochemical 
impedance spectroscopy tests. A testing apparatus made of alumina tubes was assembled 
to allow the entire setup to be placed in a tube furnace to conduct experiments at different 
temperatures, with additional tubes serving as air inlets. A thermocouple was inserted to 
monitor temperature, and an electronic mass flow controller was installed in the air 
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circulation system to control airflow over the test cell. Finally, EIS data was collected 
over a range of temperatures for each of the three LSCF test cells, plus the LCM/YSZ 
symmetric cell.  A schematic of the LSCF test cells is shown below: 
 
Figure 8: Schematic of cell design 
 
 3.2. Target preparation  
LSCF targets for PLD deposition were prepared by the solid-state reaction method. To 
accomplish this, precursor powders of La2(CO3)3, SrCO3, Co3O4 and Fe2O3 were 
combined in stoichiometric amounts as needed for each composition, ball-milled for 24 
hours in ethanol, and calcined in air for 4 hours at 1300 °C to obtain a single-phase 
perovskite powder, confirmed by x-ray diffraction (XRD). Approximately 60 grams 
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of  powder were then mixed with 50 mL of xylenes and 3 wt. % paraffin wax and stirred 
on a hot plate, allowing all xylenes to evaporate. This mixture was then uniaxially 
pressed in a 2.5”- diameter die at 5000 psi, followed by followed by isostatic pressing at 
28 MPa. The pressed compact was then sintered at 1350 °C for 5 hours in air. Upon 
sintering, the compacts densified to approximately 95-97% of theoretical density as 
determined by Archimedes testing. Lastly, the sintered targets were ground to a diameter 
of 2” and thickness of 1/8” to fit in the PLD target holder. 
An x-ray diffraction pattern of one of the targets, confirming a single LSCF phase, is 
shown below: 
 
Figure 9: Sample XRD scan of LSCF target 
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Next, a Gd-doped ceria target was prepared. GDC powder, purchased from 
NexTechMaterials (Lewis Center, OH) was ball-milled for 24 hours, and then ground in a 
mortar and pestle and sieved to 100 mesh. Approximately 60 grams of powder were 
mixed with 50 grams of xylenes and 3 wt. % paraffin wax, then stirred on a hot plate until 
all xylenes evaporated. The mixture was then uniaxially pressed in a 2.5”- diameter die at 
5000 psi, followed by followed by isostatic pressing at 28 MPa. The pressed compact was 
then sintered at 1550 °C for 5 hours in air. Finally, the sintered target was ground to a 2” 
diameter and ⅛ inch thickness to fit the PLD target holder. 
 
 3.3. Substrate preparation 
YSZ substrates were formed by uniaxially pressing 10 g of Tosoh TZ-8Y, 8 mol % YSZ 
powder in a 35-mm die press at 2500 PSI, and then sintering at 1450 °C for 4 hours in air 
to form dense 30-mm pellets. The pellets were ground to a thickness of approximately 2 
mm and then hand-polished using a stationary diamond plate. A substrate holder was then 
fabricated from a 1.6 mm-thick high-temperature Inconel sheet (McMaster-Carr, 
Cleveland, OH) with a 5 mm-diameter hole in the center of a 30 mm-diameter 
indentation to house the substrate. Three layers of 50-50 wt. %/48.3-51.7 vol. % 
LCM/YSZ ink was then screen-printed onto the unpolished side of the substrates to 
create a porous counter electrode 15 μm in thickness, and  then sintered at 1300 °C for 2 
hours in air to achieve a single perovskite phase, confirmed by x-ray diffraction. 
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 3.4. Pulsed Laser Deposition 
The final test samples were made with the assistance of Tiffany Kaspar at the 
Environmental Molecular Sciences Laboratory (EMSL) user facility of the Pacific 
Northwest National Laboratory (PNNL) in Richland, WA. First, the GDC target was 
ablated for 25 minutes at 4 HZ at 550 °C to form an approximately 200-nm layer on the 
substrates. This barrier layer is necessary to prevent the possible formation of undesirable 
phases near the cathode/electrolyte interface due to the reactivity of LSCF with YSZ at 
elevated temperatures. By comparison, GDC is relatively non-reactive with LSCF. Next, 
LSCF was deposited for 94 minutes at 4 HZ at 550 °C to form an approximately 500-nm 
film on top of the GDC layer. A mask made of high-temperature Inconel was machined 
to make a circular pattern, giving a cathode diameter of 0.5 cm and an area of 0.196 
cm
2
.These parameters were based on earlier depositions of LSCF films for the purpose of 
TXRF and XPS studies of Sr enrichment in LSCF by our research group, and were scaled 
accordingly to produce the desired thicknesses. The high deposition temperature ensured 
that the films were crystalline upon deposition. Shown here is an XRD scan, courtesy of 
Tamas Varga at EMSL, confirming an LSCF phase on top of the substrate: 
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Figure 10: XRD scan of PLD-deposited LSCF film on GDC-coated YSZ (Tamas Varga, EMSL/PNNL) 
 
 3.5.  Impedance experiment setup 
A test stand was constructed to perform electrochemical impedance experiments at 
elevated temperatures and varied oxygen partial pressures. The sample was placed inside 
a chamber created by two hollow, telescoping alumina tubes. These two tubes were then 
placed into another, larger alumina tube that is hollow on one end. A seal was made on 
the hollow end with a temperature-resistant rubber gasket and a metal end cap. An inlet 
and outlet made of thin alumina tubes were inserted into the setup through the end cap. 
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These allow air to be injected near the cathode, and removed near the top of the setup, to 
allow good circulation and ensure a steady oxygen supply. Two more alumina tubes 
insulate the silver lead wires that go from the potentiostat to the working (LSCF) and 
counter( LCM/YSZ) electrodes. A thermocouple was inserted into the setup, so that the 
temperature in the vicinity of the test cell could be known throughout testing. An 
electrical contact was made to the cell electrodes by coating them with a small amount of 
silver paste, pressing silver meshes onto the two sides of the cell, and baking the entire 
setup at 820 
  
C in air to create a good contact between the electrode and silver mesh. 
Silver wires were woven into the meshes, and connected to the impedance analyzer lead 
wires that press onto them when the test assembly is positioned vertically. A schematic of 
the testing apparatus (without the furnace and airflow system) is shown below: 
 
 
Figure 11: Sideways cross-section of testing apparatus 
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With the wires connected and the tube sealed, the entire setup was placed vertically into a 
tube furnace. The lead wires were connected to a Parstat 4000 impedance analyzer, while 
the inlet and outlet tubes were connected to an airflow system using fittings and flexible 
PVC tubing. An electronic mass-flow controller was connected to the circulation system 
on the inlet side, to ensure a uniform supply of oxygen at the cathode. Insulation was 
added around the upper part of the tube to minimize heat exchange between the setup and 
the environment and reduce the time needed to reach thermal equilibrium inside the 
setup. Finally, a fan was positioned to cool the top of the setup to prevent potential 
melting of the plastic tubing. A photograph of the final setup is shown here: 
 
 
Figure 12: Top of testing apparatus, with lead wires and air inlet tube connected 
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3.6. Experiment summary 
Impedance spectroscopy data was collected in a total of 12 experiments: three 
temperatures (800, 700 and 600
  
C) for each of the three LSCF compositions (LSCF-6428, 
7328 and 8228), plus the same three temperatures for the symmetric LCM/YSZ cell. 
Testing was done in air, with a constant flow rate of 200 mL/min. After testing was 
completed for each sample, the lead wires and meshes used to make contact with the cell 
electrodes were short-circuited, and the lead wire resistance was measured at each 
temperature. For each experiment, measurements were made at regular intervals until no 
change was observed in the impedance spectra with each successive run. For the 
experiments conducted at 800
  
C and 700
  
C, the selected frequency range was 10 kHz to 
0.1 Hz, while for the experiments conducted at 600
  
C, the frequency range was 10 kHz to 
0.01 Hz (the greater range being necessary to capture the low-frequency end of the 
impedance arc at this temperature). Once equilibrium spectra were obtained, the plots 
with the least amount of noise were selected for analysis.  
 
3.7. Data analysis procedure 
The results are presented in the following fashion. First, the measured lead wire 
resistance is subtracted from the results; this is done by shifting the entire plot toward the 
origin along the real axis by an amount equal to the real part of the lead wire resistance. 
Next, total polarization resistance is calculated by either visually estimating the values of 
the high and low-frequency intercepts, or by obtaining the intercepts via curve-fitting. A 
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similar procedure is used for the symmetric cell LCM/YSZ sample. Because the 
symmetric cell has the same dimensions and the same screen-printed LCM/YSZ layer as 
the counter electrode on the LSCF test cells, it is assumed that the contribution to the 
total polarization resistance from the LCM/YSZ counter electrode on the LSCF test cells 
is equal to half the total polarization resistance of the LCM/YSZ symmetric cell. Using 
this assumption, the contribution to the total polarization resistance from the LSCF film 
only is calculated by subtracting one half of the polarization resistance measured in the 
symmetric cell from the results obtained for the LSCF sample at the same temperature. 
The equation for this procedure is as follows: 
                 
 
 
                
Once the contribution to the total polarization resistance from the LSCF film is obtained 
using the above procedure, it is normalized to the area of the LSCF cathode, and 
presented as area-specific resistance. The impedance plots themselves are also 
normalized in the same way. After the estimated polarization resistances of the LSCF 
samples are obtained for each experiment, they are plotted as a function first of 
temperature, and then of composition. For each of these, plots of the other two variables 
are also displayed in the same graph, for comparison. Lastly, plots of the ohmic 
(electrolyte) area-specific resistance as a function of temperature and composition are 
presented. Because of the relatively small number of data points, no curve fitting is 
attempted; instead, qualitative observations are made about the results. 
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4.  Results 
 
4.1 Time evolution of impedance spectra 
Impedance experiments were repeated at each temperature until the impedance spectra 
ceased changing with time. Here, the successive impedance plots are shown, showing the 
time evolution of the spectra. Measurements at 600
  
C showed essentially no time 
evolution, and are therefore not presented here. 
 
 
 
Figure 13: Time evolution impedance plots: LSCF-6428  
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Figure 14: Time evolution of impedance spectra, LSCF-7328 
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Figure 15: Time evolution if impedance spectra, LSCF-8228 
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 4.2. Impedance plots at varying temperature 
Each of the three LSCF test cells, along with the symmetric LCM/YSZ cell, were tested 
at three temperatures: 800
  
C, 700
  
C, and 600
  
C. In addition, lead wire resistance was 
measured at the same temperatures by short-circuiting the wires inside the testing 
apparatus. The impedance plots presented below are with the lead wire resistance 
subtracted, and are expressed as area-specific resistance normalized to the active cathode 
area. Here, the data is presented in separate plots for each of the three compositions, with 
plots for all three temperatures on the same graph. 
 
 
Figure 16: Impedance plots for LSCF-6428 
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Figure 17: Impedance plots for LSCF-7328 
 
 
Figure 18: Impedance plots for LSCF-8228 
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Figure 19: Impedance plots for samples tested at 800   C 
 
 
Figure 20: Impedance plots for samples tested at 700   C 
 
 
Figure 21: Impedance plots for samples tested at 600   C 
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4.4. LSCF polarization resistance as a function of temperature 
Prior to normalizing the data, total polarization resistance was calculated for each of the 
impedance plots by obtaining the high and low-frequency real axis intercepts (either by 
visual estimation or curve-fitting), and subtracting the difference. A similar procedure 
was then used to calculate total polarization resistance for the LCM/YSZ symmetric cell. 
For each temperature, half the polarization resistance of the symmetric cell was 
subtracted from the total polarization resistance of the LSCF samples, to obtain the 
contribution of the LSCF cathode alone to the total polarization resistance. Finally, the 
value that is obtained is normalized to the active cathode area. The results calculated in 
this fashion are presented below in two ways: as a function of temperature, and as a 
function of strontium concentration. 
 
Figure 22: Contribution to the total polarization resistance of the LSCF cathode, as a function of temperature 
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4.5. LSCF polarization resistance as a function of composition 
 
 
Figure 23: Contribution to total polarization resistance of the LSCF cathode, as a function of Sr fraction 
 
4.6 Percent change in LSCF polarization resistance between compositions 
The above plots appear to show that the most prominent change in area-specific LSCF 
polarization resistance occurs when the Sr fraction is changed from 0.4 to 0.3 at 600
  
C. It 
is not clear, however, what the relative change in polarization resistance is between 
different compositions at different temperatures. In the figure below, the percent changes 
for all three temperatures are plotted, for a change in Sr fraction from 0.4 to 0.3, and then 
from 0.3 to 0.2. 
0
50
100
150
200
250
0.1 0.2 0.3 0.4
T
o
ta
l 
a
re
a
-s
p
ec
if
ic
 p
o
la
ri
za
ti
o
n
 r
es
is
ta
n
ce
 (
Ω
-
cm
2
) 
Sr fraction 
800 C
700 C
600 C
 
 
41 
 
 
 
Figure 24: change in LSCF polarization resistance as Sr fraction is changed 
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Figure 25: Total ohmic area-specific resistance as a function of temperature 
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dependent. It should be noted that, for the experiments conducted at 800
  
C, full 
equilibration may not have actually been reached due to time constraints, particularly 
with the LSCF-6428 sample. It is hence possible that fully equilibrated measurements of 
LSCF-6428 would have showed even greater ohmic and polarization resistances than 
those seen here.  
From the impedance plots of the different samples, it is evident that, for all three 
compositions, both the ohmic resistance and the total polarization resistance increases as 
temperature is decreased. It is further observed that this trend is nonlinear: both the ohmic 
resistance and total polarization resistance increase much more from 700 to 600
  
C, than 
from 800 to 700
  
C. These trends are consistent with what one would expect: both LSCF 
and YSZ have high activation energies, and thus the rate of oxygen reduction is very 
temperature-dependent. In addition, for all three compositions, a secondary, low-
frequency arc appears in the 600
  
C plot. This suggests a diffusion limitation at this 
temperature range. [6]. Again, this is to be expected. The ionic conductivity of the bulk 
LSCF phase is due to a diffusion process, and since diffusion is temperature-dependent, it 
can be expected that as temperature is decreased, diffusion will increasingly become the 
rate-limiting reaction step. In summary, the temperature-dependent evolution of the 
impedance spectra appear to be very similar for all the compositions tested. 
Impedance plots of the three compositions at different temperatures show a more 
complicated picture. For all three temperatures, the LSCF-6428 plot consistently shows 
by far the greatest total polarization resistance, electrolyte resistance, and total 
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impedance. By contrast, the LSCF-7328 and LSCF-8228 plots are much more similar to 
each other, though the plots for LSCF-8228 consistently show slightly higher polarization 
resistance, electrolyte resistance, and total impedance than the plot for LSCF-7328. 
Comparing the plots at different temperatures, it appears that the spread of the data (the 
relative distance between the three plots) is greatest at 800
  
C. For the measurements 
conducted at 800
  
C, the plot from the LSCF-6428 sample only barely intersects the plot 
of the LSCF-8228 sample. As the temperature is decreased, the degree to which the 
LSCF-6428 plot overlaps with the other two increases – and this trend, while not as 
pronounced as at the highest temperature, is still observed going from 700 to 600
  
C. A 
final interesting observation is that, at the lower temperatures, there appears to be very 
little change in the high-frequency intercept between the LSCF-7328 and 8228 plots, 
while at 800 
  
C the shift is much more substantial. This suggests that the electrolyte 
resistance for the LSCF-7328 and LSCF-8228 samples is virtually the same at 600 and 
700
  
C. This is also reflected in Fig. 21, where the plots of area-specific electrolyte 
resistance are nearly identical at 600 and 700
  
C. In summary, the impedance plots show a 
significantly higher polarization resistance, ohmic resistance, and total impedance for the 
LSCF-6428 sample than for the LSCF-7328 and LSCF-8228 samples. 
Plots of the area-specific polarization resistance of the LSCF cathode as a function of 
temperature show that while polarization resistance decreases with increasing 
temperatures for all compositions, the trend is most pronounced for the LSCF-6428 
sample, particularly for the decrease in polarization resistance as the temperature 
increases from 600 to 700
  
C. Plots of area-specific polarization resistance of the LSCF 
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cathode as a function of composition show that, for all temperatures, the sample with the 
highest Sr concentration (x=0.4) consistently displays the highest polarization, followed 
by the sample with the lowest Sr content (x=0.2), with the sample of intermediate-level 
Sr concentration showing the lowest polarization. Further, the relative difference in 
polarization is greater between the sample with highest Sr content and the other two, than 
that of the two samples of lower Sr content relative to each other.  These trends are most 
pronounced at the lowest testing temperature (600
  
C), and become less apparent as the 
temperature increases, but are nonetheless consistent, as can be seen in Fig. 18, where the 
plots from only the two highest temperatures are displayed.  
To summarize, the results show the following: 
-For all compositions, equilibration time is far slower at 800
  
C than at lower 
temperatures. 
- For all temperatures, as the Sr fraction is reduced from 0.4 to 0.3, both the 
polarization resistance and the electrolyte resistance decreases. The relative 
change in both polarization and electrolyte resistance is substantially larger 
between LSCF-6428 and LSCF-7328, than between LSCF-7328 and LSCF-8228; 
-The relative change in polarization resistance is greatest at the lowest 
temperature, and decreases as the temperature is increased; 
-At all temperatures, the relative change in electrolyte resistance is more 
prominent as compared with the relative change in polarization resistance 
between the LSCF-6428 sample and the other two samples, than between the 
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LSCF-8228 and LSCF-7328 samples. This trend becomes more and more 
pronounced as the temperature is decreased.  
From the above observations, the following inferences may be made: 
-The fact that equilibration time is so much slower at higher temperatures than at 
lower ones suggests that some sort of phenomenon, such as a phase transition or a 
change in physical properties of the system, is taking place at the highest 
temperature, and that this change is causing a substantial increase in both ohmic 
and total polarization resistance. The fact that this pattern is observed for all 
compositions suggests that this change is not limited to one composition; 
however, not enough equilibration time was given to determine whether there is 
any difference in the amount of time to reach complete steady state for the 
different compositions.  
-At 600
 
and 700
  
C, results show a modest decrease in cathode polarization in 
conjunction with a decrease in Sr fraction. With only two data points and a 
relatively small change in total polarization resistance, however, these results are 
not sufficient to conclude that there is any substantial difference between the 
performance of the LSCF-7328 and LSCF-8228 cathode. 
-At all temperatures, overall performance (both electrode and electrolyte 
polarization) is significantly poorer for the cell with a Sr fraction of 0.4. As with 
differences in electrolyte polarization, this large difference in performance could, 
in principle, be explained by differences between the samples (thickness and 
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density of various layers, cathode area, etc.), and thus be dismissed as an outlier. 
The potential sources of such error will be outlined in detail in the next section; 
however, they do not appear sufficient to explain such a large and consistent 
difference in polarization. On the other hand, a higher polarization (both electrode 
and electrolyte) can be explained by the surface strontium migration theory. From 
experiments conducted over the past year or so investigating Sr surface 
segregation, three main conclusions can be made about this process. The first is 
that it is most prevalent in LSCF-6428, whereas preliminary results suggest that 
for LSCF-7328, it is nearly absent [11]. The second is that precipitation occurs 
when temperatures are reduced to below some critical temperature (such as what 
would take place after the samples have been first sintered at 1350
  
C, and then 
gradually cooled to room temperature). The third is that it is a time-dependent 
process, becoming increasingly prominent after a sample has been held at 
temperature for a number of hours. In light of these conclusions, two 
characteristics of the impedance experiments conducted as part of this project 
become significant. One is that all of the experiments were conducted starting 
with the highest temperature first, and then lowering the temperature for 
subsequent measurements. The other is that for all measurements, the samples 
were held at elevated temperature for a considerable amount of time – in the case 
of the experiments conducted at 800
  
C, as long as 60 hours. Therefore, if any 
strontium segregation were to occur, it would likely take place during the first, 
highest-temperature measurement, since cation transport is more rapid at higher 
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temperatures, and affect all subsequent measurements thereafter. As for the 
parallel increase in electrolyte polarization in LSCF-6428 compared with LSCF-
7328 and LSCF-8228, this may be explained by the fact that strontium is also 
diffusing across the GDC barrier and reacting with YSZ to form strontium 
zirconate and other phases along parts of the interface which may have a negative 
effect on the ionic conductivity of the electrolyte. This would explain the increase 
in electrolyte polarization as a time-evolution phenomenon at high temperature, as 
well as higher electrolyte polarization at higher Sr dopant levels.  
 
  4.9. Error Analysis 
The process of making three electrochemical cells that are identical in everything except 
the composition of the cathode is lengthy, tedious and requires numerous steps, at each of 
which error can occur. For that reason, a certain degree of sample-to-sample variability is 
inevitable. That being said, the procedure used for fabricating the cells was sufficiently 
standardized and controlled to minimize such errors to a level where they cannot be 
expected to contribute substantially to the differences observed in the impedance spectra 
between samples. Below is a summary of the measures taken to reduce the source of such 
errors, along with discussion of instances where some error was unavoidable.  
-After each sample was completed, it was weighed, and its thickness and diameter 
measured. No differences beyond about 1% were observed. Thus, macroscopic 
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geometry cannot be a major reason for the discrepancy in the electrochemical 
performance between samples. 
-All samples were made using the same mask for PLD deposition of the LSCF 
cathode and the same screen for printing the counter electrode. Thus, the active 
electrode area for both the working and counter electrode must be almost identical 
across all samples. 
-For each step in the fabrication process, the same sintering temperature was used. 
For each sample, the PLD parameters (time, temperature, frequency) were 
identical. For uniaxial and isostatic pressing, the same pressure was used for all 
samples. For screen-printing, the same ink was used, and the same number of 
layers printed for each sample. This means that the thickness and density of all the 
layers should be the same, as well as the microstructure. Of course, minor 
differences due to various “real life” errors are inevitable, but not sufficient to 
explain a difference of over 50% between samples. 
-The step in the procedure with the greatest potential for sample-to-sample 
variability is the one where electrical contacts are made to the cell electrodes, to 
connect them to the impedance analyzer. This is a difficult and inherently 
imprecise process, involving the application of silver ink and wire mesh by hand. 
However, polarizations introduced during this process would be mostly in the 
form of contact resistance, which would show up as part of the total ohmic 
resistance – that is, the displacement of the impedance curve along the real axis. 
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Therefore, if sample-to-sample differences are due to differences in the contacts, 
they would be reflected in the results grouped together as “ohmic polarization,” 
not total cathode polarization.  
In summary, the procedure followed in the fabrication of the samples was such that 
sample-to-sample variation should not be sufficient to affect experimental results in a 
substantial way.  
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11. Conclusions 
 
Stated in the simplest terms, the results of this project are that, for all temperatures, the 
sample doped with 0.4 strontium shows higher polarization resistance than the ones 
doped with 0.3 and 0.2 Sr.  While this trend could, in principle, have many possible 
explanations, the result is significant in itself: it turns out that the test cell made with an 
Sr mole fraction of 0.4, which is the most commonly used LSCF composition has the 
lowest performance of the three compositions tested. If the theory of strontium surface 
segregation at higher Sr concentrations is correct, and if Sr segregation indeed has a 
detrimental effect on the kinetics of oxygen reduction in the LSCF cathode, then the 
experimental results are easily explained. At high Sr dopant levels (LSCF-6428), the 
negative effects of Sr surface segregation dominate, and reduce overall performance. In 
summary, while these results are preliminary and further data would be needed to 
substantiate them, they suggest that, in the temperature range of 600 to 800
  
C, surface 
strontium enrichment may significantly reduce the electrochemical performance of 
LSCF-6428 cathodes.   
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